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EFFECTS OF AERATION ON FLOW FIELD PRESSURE 

Huang Jianbo 

I .  INTRODUCTION 

A common prac t i ce  in hydraulic engineering f o r  preventing cav i ta t ion  

erosion i s  t o  a e r a t e  the flow along a so l i d  boundary. Although t h i s  method 

i s  widely used and often produces s a t i s f ac to ry  r e s u l t s ,  research shows t h a t  

aera t ion is  not always des i rable .  Basical ly ,  aerat ion has the f o l l  owing 

three  e f f e c t s :  (1 ) I t  a f f ec t s  the  pressure i n  the flow. Both theory and 

experiment show t h a t  aera t ion of a low-pressure zone i n  a flow increases 

the  pressure subs tan t ia l ly .  T h i s  problem shal l  be analyzed here. (2 )  I t  

a f f ec t s  the d i s t r i bu t i on  of the  gas nuclei i n  the water and increases t he  

number of l a rge  gas nuclei .  (3)  I t  a f f e c t s  the  ext inct ion pressure of the  

gas bubbles. This problem has been studied before [2], and the  analys is  

shows t h a t  only moderate aera t ion i s  needed t o  lower the  ext inct ion pressure 

of the gas bubbles. 

In t h i s  work, theoret ica l  analys is  i s  f i r s t  conducted f o r  the  e f f ec t s  

of a i r  entrainment on the  pressure in  a water flow; then, experimental com- 

parisons a r e  made f o r  the pressure d i s t r i bu t i on  of a flow around a bow segment 

with and without a i r  entrainment. 

11. THEORETICAL ANALYSIS 

When the  low-pressure zone of a water flow i s  aerated the  a i r  expands 

in  the flow and does work against  the  flow, thereby increasing the  f low's 

energy. Let the r a t e  of water flow through the aerated zone be Q, the  r a t e  

of a i r  flow through any cross-section ( e . g . ,  sect ion 2 i n  Figure 1 ) be a&, 



and the ra te  of a i r  flow a t  the aeration point be a,&. Then the difference 

between the energy flux through section 2 and through section 1 per unit  

time i s  the work done by the entrained a i r  in a  unit time. The energy equa- 

t ion therefore can be written as 

where m represents a  mixture of gas and External Ai r entrainment 

l iquid,  and p, V ,  and P are respectively flow f i e l d  zone 
1 ,z / 

Flow . 1 ' 1 
the pressure, flow velocity and density. r a t e  Q=. I 

' Entrain- '2 

Quanti t ies  without a  subscript pertain Aera t i o g m e n t  a upQ 
p o ~ n t  

to  the l iquid ,  and J i s  the work done 

by the expanding a i r  in a  unit time. 

Figure 1. Air entrainment 
in the low-pressure zone. 

Assuming the expansion of the a i r  i s  an isothermal process of an ideal 

gas, we have 

where subscript g indicates quantit ies of the gas, s2 i s  volume, and sub- 

sc r ip t  0 represents the i n i t i a l  condition ( s t a t e  a t  the aeration point).  

There i s  no a i r  entrainment before section 1 ,  and the Bernoulli equation fo r  

a  l iquid applies: 

p+pva/2=p-+pV:/2, ( 3 )  

Here the subscript m represents f ree  flow. Since Qm = (1 t a ) ~  and p ,  =( l  - a ) p  , 

the e f fec t  of the entrained a i r  on the water flow velocity i s  quite small. 

(The a i r  density i s  very low and i t s  impedance against flow i s  negligible.)  

Thus, Vm* v and (1 ) can be rewritten as 

pm(l + ~ ~ : ) - - P Q ' V / ~ = P + Q , P , , ~ ~ ( ~ , / Q , , ) .  



Table 1 

S t r i c t ly  speaking, one must calculate the growth of the bubble i n  the 

low-pressure zone in order to  determine the r a t i o  .Rg/agO; however, before 

the bubble growth reaches the unstable s t a t e ,  i t s  radius may s t i l l  be deter- 

mined from the equi 1  i  bri um condi t i  on [3] : 

P = + ~ S / R = P . + ~ , , ( R , / R ) ~ ,  (5) 

where S i s  the surface tension of water, R i s  bubble radius, and p, i s  the 

saturation vapor pressure of water. Let 7i, be the average i n i t i a l  bubble 
- - 

radius and t be the growth factor  ( t  = R / R ~ )  of the bubble a t  any location; 

then, a = a  ,t and ng/ga = t l .  Equations (4 )  and (5) can then be written as 

where C , = z ( p - p , ) / p V : ,  a = 2 ( p , - p , ) / p V t .  

We define C as the pressure coefficient of the gas-liquid mixture, 
pm 

- 
given by C = ( p - P V .  We also take Pgo=105R/m2, p,  = 1 O 5 N / m 2 ,  pv - 

P* - 
2500N/m2, 2, = 10-4m, S = 0.0747N/m, and a = 0.8. We then calculated the average 



growth f ac to r  of the  entrained a i r  bubble and the  average air- to-water volume 

r a t i o  a ,  the  pressure p, and pressure coeff ic ient  C of the mixture across 
Pm 

the  cross-section of the  aerated region fo r  d i f f e r en t  pressures p .  The re- 

su1 t s  a r e  shown i n  Table 1. I t  can be seen from the  data  i n  Table 1 t h a t  

(1)  a i r  entrainment has a pronounced e f f ec t  on the  average pressure of the  

water flow, (2 )  the  lower the  pressure the greater  the  a i r  bubble average 

growth f ac to r  and hence the average air /water volume r a t i o  a i n  a cross-sec- 

t ional  plane of constant  G O ,  and ( 3 )  w i t h  o ther  flow conditions unchanged, 

the  g rea te r  the  a i r  entrainment the  higher the  pressure i n  t h e  water flow. 

I t  should be pointed out t h a t  the  above calcula t ion of t h e  average growth 

fac tor  [ of the  a i r  bubble i s  based on the  equilibrium equation. This cal -  

cula t ion i s  val id  only when the  computed I i s  l e s s  than the  c r i t i c a l  growth 

f ac to r  I,,, of an unstable bubble. When the computed I i s  g rea te r  than I,,, 

i t  implies t h a t  the  a i r  entrainment under the  given flow conditions and a i r  

content can a1 so lead t o  cavi ta t ion.  From the  equil i b r i u m  theory of a s t ab le  

bubble [4 ]  and the  ideal  gas equation of s t a t e  of an isothermal process, we 
3 a r r i ve  a t  p = NT/Ro and E c, = &p oRD/2S. (See page 50 of [4] f o r  t he  meaning 9 0 9 

of the notations.  ) Take p = 105N/m2, R o  = and S =  0.0747 N/m,  we have 
9 

1 4  The bubble growth fac tor  i n  the above calcula t ion i s  therefore  
i-- 

below the  c r i t i c a l  value. 

111. EXPERIMENTAL ANALYSIS 

In order t o  observe the  e f f ec t s  of a i r  entrainment on t h e  pressure of 

the  flow f i e l d ,  we performed t e s t s  of pressure d i s t r i bu t i on  i n  a f l o e  around 

a bow-shaped body w i t h  and without a i r  entrainment. The t e s t s  were carr ied 

out in a rectangular water bath of 8 cm x 7 cm cross-section.  The flow was 

controlled by a valve a t  the  f ron t  end of the  tank. The pressure i n  the flow 



, . 

upstream from the bow-shaped body i s  made to  be less  than one atmosphere. 

The flow i s  aerated l ibera l ly  via an aeration hole on the bottom of the tank 

and the a i r  flow flux i s  determined by a rotor flow gauge. In our experi- 

ments the bow-shaped body had L=lO cm and A = l ,  1.67 cm. For the A=1.67 cm 

body, the aeration i s  done under strong cavitation conditions. I t  i s  observed 

I that  the bubble collapsing noise and the associated water vibration in the 

I tank are  greatly reduced a f t e r  a i r  entrainment. The time-averaged pressure 

of the aerated region i s  much higher. The observations also show tha t  the 

periodic vibrations in the cavitation region near the t a i l  of the bow-shaped 

I body (caused mainly by the collapsing of bubbles due to  the pulsating pres- 

I 
1 

sure) have been greatly reduced. The region near the t a i l  becomes a zone of 

a i r  and water mixture with a f a i r l y  constant spat ia l  extent. 

M e a s u r e d  
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Figure 2. Comparison of measured Figure 3. Comparison of measured 
and calculated C of a bow-shaped and calculated pm of a bow-shaped 

body!"' body. 

Figures 2 and 3 show respectively the pressure coefficient and the f lu id  

pressure of the A = 1.67 cm body both with and without a i r  entrai  nment. A1 so 

given are the computed resul t s .  The figures show excel 1 ent agreement between 

the measured and calculated quantit ies.  The simple method fo r  estimating 



the e f fec ts  of a i r  entrainment on the average l iquid pressure presented here 

i s  therefore feasible.  

Figure 4 shows the measured and computed pressure coeff ic ient  before 

and a f t e r  a i r  entrainment for  a A = l  cm bow-shaped body. The agreement i s  

again sat isfactory.  For t h i s  body, the cavitation inception s t a t e  has not 

been reached. 

IV. EFFECTS OF AIR ENTRAINMENT ON CAVITATION 

As shown above, a i r  entrainment increases the pressure of the low-pressure 

zone in a water flow; i t  therefore has a 

suppressive e f fec t  on cavitation. On 

po PUB the other hand, a i r  entrainment substan- 

s-o.py] t i a l l y  increases the amount of gaseous 
-02 

nuclei in the flow and hence reduces the 
-0.3 . ,' 
a tens i le  strength of water. Whether a i r  
-2.5 0 25 5.0 75 lab 1.25 

x (un) entrainment suppresses or  promotes cavi- 

Figure 4. Measured and calculated tation depends on which of the above two 
C of a bow-shaped body. 
Pm effects  dominates. One view i s  tha t  a i r  

entrainment always makes cavitation occur ea r l i e r .  This i s  not always t rue.  

The onset of cavitation requires two simultaneous conditions: f i r s t ,  there 

must be an abundant supply of gas nuclei in the flow and, second, the pressure 

i n  the flow f i e l d  must drop below the c r i t i ca l  pressure so tha t  the gas nuclei 

become unstable. A1 though a i r  entrainment increases the supply of gas nuclei , 

i t  also changes the pressure in the flow f ie ld .  With the proper amount of 

a i r  entrainment, the pressure in the flow r i ses  above the c r i t i c a l  pressure 

fo r  in s t ab i l i t y  of the entrained a i r  bubbles, the pressure i s  naturally higher 

than the ins t ab i l i t y  c r i t i c a l  pressure for  smaller gas nuclei ,  and the second 

condition fo r  cavitation i s  thus destroyed. 



Due t o  l imited experimental data ,  a quan t i t a t ive  est imate of the  e f f e c t s  

of a i r  entrainment on the  d i s t r ibu t ion  of gas nuclei cannot be made a t  the 

present time. 

Final ly ,  i t  should be noted t h a t  the  entrained a i r  bubbles a l so  can 

grow i n  the  low-pressure zone of the  flow f i e l d .  However, as  long as  the  

growth f ac to r  i s  l e s s  than the  c r i t i c a l  i n s t a b i l i t y  growth f ac to r  f o r  the 

bubbles, the  growth will  be s t ab l e  and the physical process i s  t o t a l l y  d i f -  

f e r en t  from the  explosive growth of an unstable gas nucleus. This kind of 

growth cannot be regarded as  cavi ta t ion.  
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